Abstract Radiative forcing (RF) induced by land use (mainly surface albedo) change is still not well understood in climate change science, especially the effects of changes in urban albedo due to rapid urbanization on the urban radiation budget. In this study, a modified RF derivation approach based on Landsat images was used to quantify changes in the solar radiation budget induced by variations in surface albedo in Beijing from 2001 to 2009. Field radiation records from a Beijing meteorological station were used to identify changes in RF at the local level. There has been rapid urban expansion over the last decade, with the urban land area increasing at about 3.3 % annually from 2001 to 2009. This has modified three-dimensional urban surface properties, resulting in lower albedo due to complex building configurations of urban centers and higher albedo on flat surfaces of suburban areas and cropland. There was greater solar radiation (6.93×10 8 W) in the urban center in 2009 than in 2001. However, large cropland and urban fringe areas caused less solar radiation absorption. RF increased with distance from the urban center (less than 14 km) and with greater urbanization, with the greatest value being 0.41 W/m 2 . The solar radiation budget in urban areas was believed to be mainly influenced by urban structural changes in the horizontal and vertical directions. Overall, the results presented herein indicate that cumulative urbanization impacts on the natural radiation budget could evolve into an important driver of local climate change.
Introduction
Urbanization has changed land surface properties and resulted in alteration of biogeochemical cycles and possible climate feedback on local, regional, and global scales (Foley et al. 2005; Kalnay and Cai 2003) . As centers of economic development and population growth, urban areas consume large amounts of natural resources from surrounding areas, thereby affecting land use and land cover change well beyond their geographic boundaries (Grimm et al. 2008) . Urban expansion and decreasing natural (forest) or anthropogenic (cropland) surfaces are generally considered important factors influencing land surface characterization. Furthermore, these processes may strongly modify land-atmosphere interactions within a region, thereby affecting the local or regional climate (Ezber et al. 2007; Kalnay and Cai 2003) .
Radiative forcing has been used as a measure of the effects of a factor on the balance of incoming and outgoing energy in land-atmosphere systems to assess the relative influence of various human activities on climate change (Forster et al. 2007 ). Land use change, which involves aerosol release and surface albedo change, is one of the principal human activities that can perturb the radiative balance of the Earth (Myhre and Myhre 2003) . Many studies have been conducted to investigate the effects of biomass burning and aerosol change in altering atmospheric radiative forcing (RF) through direct or indirect radiation absorption, scattering, and emission. Studies of the influence of surface albedo on RF change based on changes in the shortwave radiation budget have mainly focused on potential natural vegetation (PNV) replacement by cropland at the global scale (Chung et al. 2010; Forster et al. 2007 ). Anthropogenic RF time series from pre-industrial times through to 2010 have indicated a decrease (−0.07 W/m 2 ) of RF in response to surface albedo change, primarily owing to mid-latitude agricultural variations in the northern hemisphere (Skeie et al. 2011) . Variations in radiative forcing in different vegetation datasets range from −0.6 to 0.5 W/m 2 and have a nonlinear relationship with vegetation and surface albedo changes (Myhre and Myhre 2003) . Radiative forcing induced by deforestation and desertification on a global scale has influenced climate change. With more than half the Earth's population living in cities, urbanization has become an important component of global change. Indeed, urbanization deeply alters the land surface properties of cities and their surroundings, in addition to modifying albedo and its climate feedback (Grimm et al. 2008; Kondo et al. 2001; Menon et al. 2010) .
Feedback of urban albedo change on the land radiation budget has been used to quantify the effects of increasing outgoing radiation on climate change. Increasing surface albedo by changing the material comprising the urban canopy has been proposed as a method of mitigating urban heat islands or improving urban energy savings (Akbari et al. 2009; Jacobson and Ten Hoeve 2012) . Increasing urban albedo by 0.01 causes an RF of −1.27 W/m 2 , which can be achieved by replacing existing roofs with white ones in tropical and temperate urban areas, and application of such changes would be equivalent to a one-time offset of 44 Gt of emitted CO 2 (Akbari et al. 2009 ). The negative RF caused by increasing the urban canopy albedo was reported to be −1.63 W/m 2 during summer in global land (Menon et al. 2010 ). Climate models indicate that, in the long term, increasing urban albedo would lead to global cooling by 0.01 to 0.07 K based on moderate resolution imaging spectroradiometer (MODIS) and the Global Rural-Urban Mapping Project urban land covers (Akbari et al. 2012 ). Simulation studies have also shown cooling effects of albedo on air temperature at local or regional scales (Jacobson and Ten Hoeve 2012) . Most studies examined this effect through model simulation, rather than by exploring the actual urbanization effect on RF change using in situ measurements (Van Curen 2012) . Urbanization is a complex surface transformation of land cover types that alters inner urban structures, surface properties in urban fringe areas, and ecological or service functions in urban surroundings . Changes in urban albedo during expansion primarily occur in spatially heterogeneous areas, in contrast to the homogenous changes that occur in models. Moreover, cooling induced by traditional urban canopy material and its replacement vary worldwide owing to cultural and economic development levels. Defining and quantifying feedback of changes in urban albedo in response to urbanization could furnish more valuable case information for model studies and practical advice for local governments dealing with urban energy saving and urban planning.
China has undergone rapid urbanization over the past two decades, with the urbanization rate increasing from 26.4 % in 1990 to 47.5 % in 2010. Few other countries have experienced such a large change over a short period. Urbanization, especially small town development and conversion of large areas of urban surroundings to mixtures of urban-rural land, has resulted in urban patches with many surface fragments of natural vegetation, cropland, and impervious land. In this study, Beijing was selected to examine the effects of urbanization on the regional radiation budget. The specific goals of this study were to (1) examine urbanization and related urban albedo change during the last decade using Landsat images and (2) quantify RF changes induced by urban albedo change. The data were then used to evaluate the feedback of urbanization on local or regional radiation budgets and urban climate effects.
Study area
With a land area of 1.6×10 4 km 2 , Beijing ( Fig. 1) is one of the largest cities in China and has undergone rapid urbanization during the last few decades. The urban population increased from 7.98 million in 1990 to 16.86 million in 2010, giving an urbanization rate of 86 %. According to census statistics, the built-up area in Beijing has rapidly expanded at a rate of 6.3 % during the last two decades (Beijing Municipal Statistical Bureau 2010). As part of urbanization, city-wide ring roads were constructed to organize urban traffic and lead urban development. The region is influenced by the East Asian monsoon, with an average annual total solar radiation greater than 450 kJ/cm 2 . The hottest monthly air temperature exceeds 26°C. Most mountains in the west and north are mainly covered by temperate deciduous broadleaf forest. Large plains have been developed in central and southern areas of the region at elevations less than 100 m to meet the agricultural needs of the city (Fig. 2) . were provided by the Global Land Surface Satellites (GLASS) project. With accuracy similar to MODIS albedo products, GLASS albedo products are gapless and continuous datasets with a temporal resolution of 8 days and spatial resolution of 1 km (Liu et al. 2013) . Here, the averaged surface albedo derived from GLASS datasets was used to provide the average conditions of surface albedo from 2001 to 2010 to examine albedo change under urbanization and analyze its influence on the urban radiation budget. Additionally, albedo respectively. The land use type in red color in upper figures is urban and built-up, while yellow color is natural or planted vegetation, including forest, cropland, and grassland derived from Landsat images provided additional details in 30-m resolution for 2001 and 2010, which could be used to identify variations in albedo in areas that have undergone different levels of urbanization, as well as the changes in the surface radiation budget caused by these variations.
Urbanization intensity derivation
A supervised classification method (Maximum Likelihood Classifier) was used to estimate urban and built-up land, as well as cropland, woodland, water, and other land in the study area based on Landsat TM images. According to visual identification and Google Earth surveys, training samples (2001:10,086 training pixels, 2009:8162 training pixels) were selected as input for the classifier of land use identification. The normalized difference vegetation index (NDVI) processed from spectral reflectance of bands 3 and 4 (Yuan and Bauer 2007) was introduced to improve spectral information during classification. To achieve optimal urban land use results, cyclic validation of land use classification was conducted to ensure the accuracy of land use classification. Four test regions (1×1 km) were used to check the accuracy of that classification (Fig. 2) . If the average accuracy of the classification was less than 90 %, the training samples were checked for consistency between the training samples and classification results for each land cover type. Samples with inconsistent land cover types were removed, and the classification was repeated until the results attained the target accuracy.
Urbanization rate is usually quantified by the ratio of urban to total population and the percentage of urban to total land area (Hu and Jia 2010) . Changes in urbanization rate from 2001 to 2009 were quantified based on the urbanization intensity (UI):
where U i and U j are fractional covers of urban land in periods i and j, respectively. In this study, U i and U j are percentages of urban or built-up land use relative to all land use types in 2001 and 2009.
Surface albedo derivation

Albedo derived from Landsat images
Surface albedo indicates the percentage of solar radiation reflected by a body or surface to the amount incident upon it, which is considered a critical variable in climate change analysis and modeling (Roesch and Roeckner 2006; Winton 2006) . With about 99 % of energy occurring in the visible and infrared spectral region, shortwave radiation is the main type of solar radiation affecting climate. Shortwave albedo greatly alters the land surface energy balance, which can be detected by remote sensing methods (Csiszar and Gutman 1999) . Several algorithms have been proposed for derivation of broadband albedo using different band combinations of Landsat TM/ETM+ (Liang 2003; Liang 2001) . We used the direct retrieval method (Liang 2003) to derive surface albedo and identify its changes over the last decade. This method is considered easier and more accurate for estimating surface albedo than physical inversion methods with limited observations under normal conditions (Liang et al. 2005) . Those methods link top of atmosphere (TOA) directional reflectance with surface broadband albedo for a variety of surface and atmospheric conditions using radiative transfer model simulations such as atmospheric conditions, aerosol optical thickness, solar zenith angle, and azimuth angle. In our study, surface albedo in 2001 and 2009 was derived from Landsat images using a direct retrieval algorithm for the study area to examine its spatial albedo change under rapid urbanization.
Albedo from GLASS albedo products
To enable comparison of albedo results from Landsat images, GLASS land surface products were used to derive surface albedo in September (Julian days 249, 257, 265, and 273) from 2001 to 2010. The means and standard deviations of surface albedo were calculated according to dataset quality control information. Based on UI information (Fig. 3) , we further quantified the differences in albedo trends from 2001 to 2010 in areas of high, moderate, and low urbanization.
Radiative forcing calculation
Radiative forcing calculation based on station measurements
To investigate changes in the radiation budget induced by urban surface albedo at the local scale, meteorological records were used to examine the RF (Van Curen 2012). First, the absorption of incident shortwave radiation was calculated according to the ratio between surface incident shortwave radiation from meteorological station data and theoretical TOA solar radiation. The latter radiation is a function of solar output, field latitude, and geometry of the Earth and Sun. This value can be derived using the following equation (Liou 2002) :
where S 0 is the solar constant at mean Earth-Sun distance r 0 ; θ 0 is the solar zenith angle; r is the Earth-Sun distance, which varies throughout the year according to the elliptical orbit; h is the hour angle; and H is a half day (i.e., from sunrise to noon or noon to sunset). Second, the mean RF of outgoing shortwave radiation generated by a specified increase of surface albedo is calculated by
where SW is the surface incident shortwave radiation. For comparison with remote sensing results, an increase in albedo of 0.01 was considered the baseline change. Daily radiation records of the Beijing meteorological station in 2001 and 2009 were used to examine the mean annual RF change during the last decade. Because climate records respond sensitively to land surface changes in response to urbanization (He et al. 2013) , surface albedo change from 2001 to 2009 around the Beijing station at a spatial scale of 1×1 km was used to examine the relationship between RF and albedo.
Radiative forcing calculation based on remote sensing images
In a previous study, RF induced by surface albedo change was quantified according to an Earth energy budget obtained by satellite observations (Akbari et al. 2009 ).
While that study used the results of the global energy budget from RF calculations, the calculations were modified with the latest global energy budget information in the present study (Trenberth et al. 2009 ). According to a method proposed by Akbari et al., RF per unit area can be quantified as follows:
1. Percentage of radiation absorbed by the atmosphere
where (341-79)×f is the absorption of incident shortwave radiation (W/m 2 ), 23f/(1−f) is the absorption of reflected solar radiation (W/m 2 ), and f is the percentage of radiation absorbed by the atmosphere for downward and reflected radiation, which is solved from the above equation as 26.6 %. This value is very close to the fraction of radiation absorbed by the atmosphere (26 %) reported by Akbari et al. (2009) .
Radiative forcing of surface albedo change
where 262×(1−f) is the incident shortwave radiation for heating land surfaces and 1.41 W/m 2 is the RF from a surface reflectance change of 0.01. If surface albedo increases by 0.01, the RF is −1.41 W/m 2 . This value was determined based on the annual average global insolation and cloud cover. To further identify RF values in Beijing, the annual downward radiation calculated from daily solar radiation measurements records at Beijing station was used to determine the average change in RF. The results revealed that the change was approaching −1.27 W/m 2 , which is in the range of −1.27 to −1.63 W/m 2 for RF estimation on a large scale (Akbari et al. 2009; Menon et al. 2010) . Therefore, we combined this value with changes in local urban albedo derived from Landsat images to estimate the regional impact of urbanization on the radiation budget. 
Urbanization trends
To examine the impact of urbanization on surface properties, we quantified urban development in Beijing at two spatial scales, the urban center (inner 5th Ring Road) and the greater Beijing area. In general, trends regarding land use types in greater Beijing differed greatly (Fig. 3) . Urban or built-up land rapidly increased by 3.3 % annually from 2001 to 2009, whereas vegetation cover declined by 2.4 % annually. The surface water area also decreased by about 30 % over the last 10 years. The spatial pattern of urban land use change over the period indicates that the principal urbanization was around the 5th Ring Road in the southern, northern, and eastern regions. Satellite towns also rapidly developed in the Changping, Shunyi, Tongzhou, and Daxing districts (Fig. 3) .
We further examined land use change from the urban center to suburban areas (mainly the inner 6th Ring Road) to evaluate the impact of urbanization on inner urban structures or landscapes. The results indicated that the percentage of urban land in the urban center reached 90 %. The ring roads of Beijing have provided convenient urban transportation and significantly altered urban structures, resulting in the development of important business centers and extensive urban settlements. Here, the level of urbanization was defined as the percentage of urban land in specific zones, and changes in this level were examined in specific zones divided by ring road boundaries from 2001 to 2009. As expected, there were obvious differences in urban land cover from the urban center to rural regions, with fractional cover of urban land increasing by 0.3, 0.6, 1.3, 4.7, and 20 % in the inner zones of the 2nd, 2nd-3rd, 3rd-4th, 4th-5th, and 5th-6th ring roads, respectively. These findings indicate that suburban or urban fringes are the areas undergoing the fastest change, with existing land being converted to urban land.
Urban albedo change
GLASS surface albedo was used to explore statistical trends in albedo change under urbanization from 2001 to 2010, and the albedo derived from Landsat images gave relatively detailed spatial patterns during urbanization. Decreased trends of surface albedo were detected in the urban center (Fig. 4b) upon analysis of time series of the GLASS albedo, with surface albedo in 2001 being 0.008 higher than in 2010. The spatial pattern of the 10-year average surface albedo indicated that it was spatially heterogeneous, and there was a general pattern of higher albedo in cropland in the southeast portion of the study area. Lower albedo was observed in the urban center and northwest woodland area, except for the area surrounding Guanting Reservoir (Fig. 4a) . High albedo regions of cropland were found at 100 m a.s.l. (Figs. 1, 3 , and 4). To investigate albedo response to urbanization, we further quantified and compared differences in the average albedo in Beijing on a gradient from the urban center to natural surfaces in 2001 and 2009 (Table 1) . Changes in urban albedo were influenced by urbanization. Theoretically, this influence involved two processes: (1) decreasing albedo from increased solar radiation absorption in dense building areas, and (2) increasing albedo from flat urban surfaces or urban canopy building materials of high reflectance. In general, surface albedo in 2001 and 2009 increased from the inner 2nd to the 6th Ring Road, which indicated that the urban core area of dense buildings had lower solar radiation reflectance than other regions. For example, we estimated the inner 2nd Ring Road average albedo to be 0.120 and that of the 5th-6th Ring Road to be 0.145 in 2009. Statistical analysis of the relationship between urban albedo and urban land use was carried out for 2009 (Fig. 4d) . Except for other land (mainly bareland), urban areas had the highest surface reflectance (average albedo=0.144), whereas water bodies captured more solar radiation than other land use types, with an average albedo of 0.069.
Relationship between urbanization and surface radiation budget
RF indicates the solar radiation budget of the Earthatmosphere system. Positive forcing (more incoming energy) warms the system, whereas negative forcing (more outgoing energy) cools it. Here, the relationship between urbanization and RF was quantified by Landsat data to examine urban climate effects.
Surface radiation budget variation for three urbanization levels
Three different urbanization levels were selected according to land use change over the last decade (Fig. 3 ) to examine RF variation under different urbanization intensities. These included the urban center (high level, urban land=90 % in 2009), main cropland area (moderate level, urban land= 42 % in 2009), and main woodland area (low level, urban land=5 % in 2009). To investigate the mean changes in the radiation budget related to urbanization, heterogeneous urban distributions in different sub-areas were not included. We examined the change in the surface radiation budget induced by changes in albedo relative to the baseline RF of −1.27 W/m 2 for three sub-areas using the GLASS datasets (Table 2) . Generally, changes in RF produced by variations in albedo decreased from high to low urbanization levels. A positive RF of 1.016 W/m 2 was detected in high-level regions owing to a decrease in urban albedo of −0.008 from 2001 to 2010, which generated a radiation absorption increase of 6.93× 10 8 W. A reduced positive RF of 0.902 W/m 2 was detected in the moderate-level area, and further analysis showed that RF reached 0.41 W/m 2 . An increased radiation absorption of 3.72×10 9 W was detected in the low-level area, possibly because of woodland management protection policies that have been implemented in recent decades. Theoretically, urban albedo decline influenced by high urbanization levels may capture more solar radiation than that used to heat urban surfaces, which results in urban heat islands. In contrast to urban areas, such energy absorption in forest areas may be used during physiological activities of vegetation, such as transpiration and photosynthesis.
Relationship between RF and UI
To understand the relationship between urbanization and RF change, an experiment was conducted to quantify changes in RF across urbanization levels in the study area. A point at Tiananmen Square (longitude 116.391321°, latitude 39.903219°) in the urban center was used to create buffer regions every kilometer from the urban center to rural areas. These areas contained varying urbanization levels and RF values. RF variation with distance and UI were divided into two stages (Fig. 5): (1) RF trends of linear increase from −0.35 to 0.40 W/m 2 were detected through linear regression (r 2 = 0.96) along the urban-rural direction for 1 to 14 km (around the 5th Ring Road). UI increased from 0.1 to 4.2 % in this highly developed urban area (urban land percentage ≥95 %) in 2009, indicating increased urban building density and more complex urban canopy structure. (2) RF decreased from 0.36 to 0.21 W/m 2 as distance increased from 15 to 30 km. The UI in this region increased from 5.5 to 16.4 %, which showed a decrease in urban land percentage of 64 % in 2009. These findings indicate that the surrounding regions were rapidly covered by urban land during urbanization. The new buildings had lower density and complexity than in the urban center, which may have led to less radiation absorption.
Discussion
Urban center captures more solar radiation than urban fringe
Changes in urban albedo and urban radiation flux in response to various urban building properties have been detected in earlier studies. Simulation studies have shown that increasing building height and decreasing the uniformity of building height distribution greatly modifies surface albedo. A mean albedo decrease of greater than 0.15 as building height increased from 5 to 50 m for the same building coverage has been reported (Aida 1982; Kondo et al. 2001) . Moreover, it is known that irregular urban structures capture over 20 % more solar radiation than flat surfaces (Aida 1982; Kondo et al. 2001) . Theoretically, because solar radiation absorption by dense buildings occurs through multiple reflections, tall buildings and high-density urban centers usually capture more solar radiation than flat land surfaces such as cropland, grassland, or city squares. This partially explains why there was lower surface albedo in the Beijing urban center than in its surroundings (Fig. 4) . Three 1×1 km samples (Fig. 6 ) from 2009 were chosen to compare the urban albedo of different urban canopy configurations. These included dense building areas, sparse urban building areas, and flat urban squares. Samples a, b, and c in the 1×1 km grid were at the Beijing Olympic Sports Center (center latitude 39.996994°, center longitude 116.390059°), a large residential community near the 3rd Ring Road (center latitude 39.965058°, center longitude 116.411731°), and Beijing Capital International Airport (center latitude: 40.078240°, center longitude: 116.596886°). These locations had building percentages of 8, 92, and 36, respectively. As expected, dense building areas had lower surface albedos (0.12) than sparse building areas (0.15) and flat surfaces (0.2). Surface albedo was altered by building material. White urban canopy surfaces usually had higher albedo, reducing radiation capture and mitigating the urban heat island effect (Jacobson and Ten Hoeve 2012; Prado and Ferreira 2005) . According to land use, albedo change and radiation budget analysis, variations in RF resulting from surface changes during urbanization can be controlled by two processes: (1) downward RF trends with increasing flat surfaces in urban fringe areas during natural surface or cropland replacement by urban land owing to increased surface reflectance; and (2) upward RF trends with more complex urban 3D structure configurations. Such changes in surface properties can enhance captured solar energy after multiple reflection of incident radiation. Therefore, radiation budget variations induced by surface changes are a synthetic effect of urban expansion and infrastructure improvement, which intensifies urban heat islands and modifies urban energy consumption, especially in megacities under rapid urbanization such as Beijing.
5.2 Test case for RF in urban fringe areas using field measurements RF produced by changes in surface albedo was used in global radiation budgets to examine the cooling effect of white roofs in urban areas (Akbari et al. 2009 ). In the present study, satellite-based surface albedo changes were used to examine the overall information regarding RF change, and less work for testing the variation of RF on a local scale (Van Curen 2012) . To investigate the reliability of RF trends on a local scale, field measurements from the Beijing meteorological station were used to derive RF in 2001 and 2009. This station is in an urban fringe area (Fig. 1) , which we considered a typical site for investigating RF change because of its rapid urbanization from 2001 to 2009. Representative land cover types in a 1×1 km area surrounding the station were investigated. A large amount of cropland (42 %) was found in 2001 ( Fig. 7b) , whereas urban land accounted for about 80 % of the total in 2009 (Fig. 7e, d ). During the rapid urbanization in recent decades, cropland was replaced by the 5th Ring Road and many buildings. Furthermore, the Landsat TM images indicated that surface albedo decreased by 0.01 from 2001 to 2009 (Fig. 7c, f) .
Changes in RF induced by an albedo increase/decrease of 0.01 at the Beijing station were used to examine differences in RF from 2001 to 2009 (Table 3) . Because the station is a typical site with increasingly complex building configurations and declining albedo (Fig. 7) , the annual mean RF in 2009 (1.656 W/m 2 ) was greater than in 2001 (1.47 W/m 2 ). These findings indicate that more solar radiation was captured by land surfaces in 2009 (Table 3) According to Solomon et al. (2007) , radiative forcing measures the influence a factor has on the balance of incoming and outgoing energy in the Earth-atmosphere system. Therefore, the TOA radiation budget as modified by surface albedo change could be considered RF. This budget has been used to quantify the global radiation budget as affected by albedo change from a greater number of white roofs, using average radiative transfer conditions (Akbari et al. 2009 ). Rapid urbanization significantly modifies surface albedo, and can be used to quantify radiation budgets by employing RF definitions based on an assumption of relatively stable radiative transfer conditions. Therefore, we used the latest average Earth radiation budget of Trenberth et al. (2009) to quantify RF. Here, the RF values based on remote sensing data generally addressed average radiation budgets, which were supported by changes in surface albedo. Therefore, comparable albedo results in different urbanization level are important, and the similar spectral reflectance characterization in urban regions made this calculation reasonable (Zha et al. 2003) . RF values derived from field measurements of radiation components gave local RF trends under urbanization and induced changes in surface albedo. RF differences from varying urbanization levels were considered an indication that the radiation budget is influenced by urban land cover and urban albedo changes. The climate zone of California was selected as a representative spatial scale for identifying RF by Van Curen (2012) , and the results of our study substantiate their conclusion that urbanization information at local scales accounted for RF.
The latest IPCC report, AR5, stated low confidence regarding RF modified by surface albedo, with a range of −0.15± 0.1 W/m 2 . RF in urban areas is also influenced by greenhouse gases, aerosols, and cloud cover, which are usually defined as climate effects at large scales or in long time series (Akbari et al. 2009; Menon et al. 2010; Skeie et al. 2011) . Urbanization is considered a synthesis process in the modification of surface properties. Rapid changes in land cover (surface albedo) during urbanization comprise one of the most important drivers of surface properties and land-atmosphere interaction (Seto et al. 2012). RF is usually a driver of urban climate change. With the exception of warming trends from climate background, urbanization has been considered a key contributor to air temperature warming in the study area (Ren et al. 2008; Wang et al. 2012; He et al. 2013) . Therefore, it is important to identify the contributions of the two drivers to understand urban climate effects. Changes in surface albedo may contribute greatly to the urban radiation budget, which is used to understand the mechanism of urban climate effects. More reasonable land-atmosphere transfer information and integrated radiation data from model simulations and remote sensing observations may improve our understanding of RF changes during future urbanization. Rapid urbanization in Beijing has converted many urban fringe areas to urban settlements during recent decades ( Fig. 2 ; Beijing Municipal Statistical Bureau 2010). Given the urbanization strategy of the Chinese government, this evolution will continue in most cities, especially in small towns. Owing to rapid population increase and business development, these policies will substantially alter land use and land cover in urban surroundings or create satellite towns. This will result in cumulative radiation budgets and urban heat island effects in many cities, which may further influence regional climate change.
Conclusion
RF induced by surface albedo changes were derived from remote sensing and field measurements to examine radiation budgets under urbanization in Beijing from 2001 to 2009. Our results indicate that Beijing underwent rapid urbanization during the last decade. This changed the surface albedo, which altered the urban radiation budget and urban climate. There were positive relationships between RF and urbanization level in urban centers. The urban canopy configuration modified the urban radiation budget by reducing albedo in these areas. We also found a higher positive RF in urban centers than in suburban areas, with flat surfaces in cropland and urban-rural fringe areas. Moreover, the Beijing meteorological station data indicated that positive RF was strongly related to urban canopy configuration and surface albedo.
Integrated analysis of RF, urbanization, and changes in surface albedo demonstrated complex urban radiation budgets under different urbanization levels and relative surface properties. Usually, anthropogenic heat discharge and radiation absorption by urban buildings increase surface temperature. Data regarding these processes will facilitate analysis of urban heat islands and enable better understanding of their influence on local or regional climates. The results presented herein provide valuable information that will facilitate urban heat island mitigation and urban planning. Radiation inputs in urban regions are important drivers of the urban heat island effect. Therefore, their quantification will improve our understanding of urbanization impacts on climate change and the contribution of human activities to regional climate warming in China.
